In the present study we analyzed the anti-proliferative effect of tocilizumab, a humanized recombinant monoclonal interleukin 6 receptor (IL-6R) antibody, against non-small cell lung cancer (NSCLC) cells, including A549, H460, H358 and H1299 cells. The cell cycle distribution of NSCLCs was analyzed using fluorescence-activated cell sorting and gene expression using quantitative polymerase chain reaction. Cell lysates treated with tocilizumab were immunoblotted with antibodies against signal transducer and activator of transcription 3 (STAT3), phospho-STAT3, extracellular-signal-regulated kinases (ERK), phospho-ERK, nuclear factor κB (NFκB) and phospho-NFκB. Significant growth inhibition of NSCLC cells was observed following treatment with tocilizumab. Proliferation was significantly decreased by approximately 10-40% in A549, H460, H1299 and H358 cells, with an inhibition rate that was comparable with that of the typical anticancer drugs methotrexate and 5-fluorouracil. NSCLC cell populations were accumulated in the sub-G1 phase by treatment with tocilizumab. Western blot analyses revealed a possible activation of the NFκB pathway by tocilizumab. Overall, these data indicate that tocilizumab has anticancer potency via apoptosis induction as an agonistic IL-6R regulator. Therefore, we suggest that this anti-IL-6R antibody may be utilized as a new targeting molecule for NSCLC therapies.
Introduction
Non-small cell lung cancer (NSCLC) is the most common type of lung cancer, accounting for more than 80% of cases. As a class, NSCLC is relatively insensitive to chemotherapy compared with small cell carcinoma. A number of drugs are useful for NSCLC as systemic therapy, including platinum agents (cisplatin and carboplatin), taxanes (paclitaxel and docetaxel), vinorelbine, vinblastine, etoposide, pemetrexed and gemcitabine. However, despite advances in chemotherapeutic drugs, the prognosis of lung cancer remains poor, with an overall 5-year survival rate of less than 14% in the USA and even lower (5-10%) in Europe and other countries (1) .
A number of investigators have attempted to develop specific targeting molecules, including antibodies and antagonists, for the treatment of NSCLC. Bevacizumab is a recombinant monoclonal antibody that blocks vascular endothelial growth factor. Erlotinib is a small molecule inhibitor of epidermal growth factor receptor (EGFR), and crizotinib is a small molecule inhibitor that targets anaplastic lymphoma kinase and hepatocyte growth factor receptor c-MET. Cetuximab is a monoclonal antibody that targets EGFR.
The pathway of interleukin 6/interleukin 6 receptor (IL-6/IL-6R) signaling regulates diverse biological activities, including cell growth and differentiation, in immune and hematopoietic systems (2) . However, IL-6/IL-6R signaling is also known to promote tumor growth and survival in several organ systems (3) . The plasma IL-6 levels of cancer patients were observed to correlate with the clinical and pathological variety and survival in prostate cancer (4), ovarian cancer (5), breast cancer (6) and colorectal cancer (7) . Tocilizumab is a humanized recombinant IgG1k monoclonal antibody against IL-6R (8). It is approved by the FDA and used in clinics to treat rheumatoid arthritis and juvenile idiopathic arthritis patients (9) . It has also been demonstrated that tocilizumab has an anti-proliferative effect on glioma cells via inhibition of the JAK-STAT3 pathway (10) . Furthermore, there is evidence that IL-6/IL-6 signaling affects NSCLC tumorigenesis (11) .
In a previous study (12) , we demonstrated the possibility of using IL-6R as a selective anticancer drug target using an H460 lung cancer stem cell model. Here, we investigate the effect of IL-6R blockage on the proliferation of NSCLC cells using the IL-6R-targeted antibody tocilizumab.
Seoul, Korea). The cells were grown in RPMI-1640 medium (Gibco Life Technologies, Carlsbad, CA, USA) with 10% heat-inactivated fetal bovine serum (Gibco) and 1% penicillin/ streptomycin (Gibco) at 37˚C in a humidified incubator (5% CO 2 ), as recommended by KLCB.
Cell proliferation assay. The anticancer drugs methotrexate (MTX) and 5-fluorouracil (5-FU) were purchased from Sigma-Aldrich (St. Louis, MO, USA), and tocilizumab was kindly donated by Dr Misahiko Mihara at Chugai Pharmaceutical Co. Ltd. (Shizuoka, Japan). The anti-proliferation activity of tocilizumab, MTX and 5-FU in NSCLC cells in vitro was measured using the EZ-Cytox kit (Daeillab, Seoul, Korea). Ten microliters of tocilizumab, MTX or 5-FU were added to 96-well plates containing 10 4 cells per well in 100 µl medium. The final concentrations of tocilizumab were 10, 100 and 1000 ng/ml. The final concentrations of MTX and 5-FU were 50 and 25 µg/ml, respectively. Following a 24-h incubation, WST-1 solution (Daeillab) was added, and the optical density was analyzed using the ELISA plate reader Magellan™ (Tecan, Männedorf, Switzerland) at reference wavelengths of 450 and 620 nm.
Cell cycle analysis. The NSCLC cells were seeded at 2.0x10 5 cells/well in 6-well plates. The cells were allowed to recover for 24 h and then treated with tocilizumab. To analyze the cell cycle distribution, the cells were collected after a 24-h incubation and washed with phosphate-buffered saline (PBS). The cells were fixed in 70% ethanol and stored overnight at 4˚C. For the analysis, the cells were transferred to PBS and incubated with ribonuclease A (50 µg/ml) at room temperature for 5 min. The cells were then stained with 10 µg/ml propidium iodide (PI) and incubated at 37˚C for 10 min. Finally, the cells were analyzed using fluorescence-activated cell sorting. (qPCR) . qPCR was performed to identify the gene expression level of IL-6R in the NSCLC cells based on the expression of a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as an internal control. RNA was quantified by its absorption at 260 nm and stored at -80˚C before use. Briefly, first-strand cDNA was synthesized from 2 µg total RNA with Superscript III transcriptase (Invitrogen Life Technologies, Carlsbad, CA, USA). PCR amplification was performed with specific primer pairs designed from published human gene sequences (13) . qPCR was performed using SYBR-Green (Takara Bio Inc., Shiga, Japan) and a Bio-Rad machine (Bio-Rad Laboratories Inc., Hercules, CA, USA). DNA was amplified using 60 cycles of denaturation for 5 sec at 95˚C and annealing for 40 sec at 60˚C.
RNA extraction and quantitative polymerase chain reaction
Protein extraction and western blot analysis. Whole-cell lysates were extracted using the Pro-Prep protein extraction solution plus protease inhibitor cocktail (Intron Biotechnology, Seongnam, Korea) according to the method described in the manufacturer's guidelines. Cell lysates were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a nitrocellulose membrane (Bio-Rad), and immunoblotted with antibodies against the following: signal transducer and activator of transcription 3 (STAT3), phospho-STAT3, extracellular-signal-regulated kinases (ERK), phospho-ERK, nuclear factor κB (NFκB) and phospho-NFκB (Cell Signaling Technology, Inc., Beverly, MA, USA). After incubating with the secondary antibody, the membranes were developed using enhanced chemiluminescence. ImageJ software (NIH, USA) was used to analyze the results.
Statistical analysis. The results are expressed as the means ± standard deviation. Analysis of variance was used to compare differences among the groups. P<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed with Statistical Analysis Systems software (SPSS version 20; IBM SPSS, Armonk, NY, USA).
Results
Cell proliferation. H460, A549, H1299 and H358 cells were treated in triplicate with tocilizumab at concentrations of 10, 100 and 1000 ng/ml. The inhibition of cell growth was examined by a commercial kit and an ELISA reading system after 24 h of treatment and was calculated as the percentage of viable cells relative to untreated cell cultures. As shown in Fig. 1A , tocilizumab demonstrated substantial growth inhibition in the NSCLC cells. Following exposure to tocilizumab at a 100 ng/ml concentration, cell growth was significantly decreased by 27.75±5.81, 34.23±9.49, 22.14±4.87 and 10.81±1.94% in the H460, A549, H1299 and H358 cells, respectively. In addition, the anti-proliferative effect of tocilizumab (100 ng/ml) was compared with that of the conventionally used anticancer drugs MTX and 5-FU in the NSCLC cells. The concentrations of MTX (50 mg/ml) and 5-FU (25 mg/ml) were based on those used in our previous study (12) . MTX is a novel drug that acts as an inhibitor of folate metabolism, and 5-FU is an irreversible inhibitor of thymidylate synthase. These drugs have been used in the treatment of NSCLC patients for some time. As shown in Fig. 1B , the cell growth inhibition rate of tocilizumab in the NSCLC cells was similar or only slightly lower than that of MTX and 5-FU.
Cell cycle distribution. A flow cytometric cell cycle analysis was performed to determine whether the results of the cell assay reflected cytostatic or cytotoxic effects due to cell cycle arrest or apoptosis. NSCLC cells were treated with 100 ng/ml tocilizumab. After 24 h of drug treatment, the cells were fixed and suspended in PI and measured in comparison with untreated cells. Morphological changes in the apoptotic cells, including shrinkage, rounding and membrane blebbing, were also observed following the tocilizumab treatment. As shown in Fig. 2 , a significant accumulation of the cell population in the sub-G1 phase was observed in the H460 and A549 cells following drug treatment. Similar effects on the cell cycle were observed with tocilizumab concentrations of 10 and 1000 ng/ml. Following tocilizumab treatment, 8.73% of the H460 cell population was arrested in the sub-G1 phase in contrast to 0.21% of the untreated control cells ( Fig. 2A ). In addition, 25.01% of the A549 cell population was in the sub-G1 phase following drug treatment, compared with only 1.74% of the untreated control cells (Fig. 2B) . Although there was no significant difference in the H358 and H1299 cells between the treated and untreated groups, minor increases were observed following tocilizumab treatment: 1.73% of H358 cells were in the sub-G1 phase compared with 1.28% of the untreated control cells (Fig. 2C) , and 3.64% of H1299 cells were in the sub-G1 phase compared with 2.34% of the untreated control cells (Fig. 2D) .
Gene expression and immunoblotting. The mRNA expression of IL-6R was analyzed in H460, A549, H1299 and H358 cells using qPCR. The transcript levels were normalized to the expression of GAPDH. The data in Fig. 3 reveal marked decreases in IL-6R expression with tocilizumab at a concentration of 100 ng/ml. Tocilizumab significantly reduced the mRNA levels of IL-6R by 50% in A549, 77% in H358, 48% in H1299, and 20% in H460 cells. The principal transcriptional factors in the IL-6R/IL-6 signaling pathway regulating cell differentiation and growth are ERK1/2, STAT3 and NFκB. Thus, we estimated the influence of tocilizumab on the levels of activation of these factors in NSCLC cells. The cells were treated with 100 ng/ml tocilizumab, and protein lysates were obtained after 24 h of drug exposure. The levels of the transcription factors and their phosphorylated forms in whole-cell lysates were analyzed by western blotting using commercially available antibodies. As shown in Fig. 4 , tocilizumab did not alter the levels of the proteins ERK1/2, STAT3 and NFκB and phosphorylated ERK1/2 and STAT3. However, phosphorylated NFκB was considerably increased by tocilizumab treatment in the NSCLC cells.
Discussion
IL-6 plays a significant role in the neoplastic process through its action on cancer cell adhesion, motility, proliferation, tumor-specific antigen expression and thrombopoiesis (14) . IL-6, with its known functions in immune response, acute phase reaction and hematopoiesis, was considered a therapeutic target approximately two decades ago. The aim of this study was to assess whether an anti-IL-6R antibody could be utilized as a new targeting molecule for NSCLC therapy. Another anti-IL-6 antibody, siltuximab, has been demonstrated to have potential benefits in the treatment of various human cancers, including multiple myeloma, breast cancer and prostate cancer, either as a single agent or in combination with other chemotherapy drugs (14) (15) (16) (17) . It has also been indicated that anti-IL-6R antibodies may be a potential agent for the suppression of colon cancer progression (18, 19) . These earlier investigations have revealed IL-6R as a potent target for antibody treatment in anticancer therapy. To our knowledge, there has been no study describing the utilization of an anti-IL-6/IL-6R antibody in NSCLC cancer therapy.
Tocilizumab is a fully humanized monoclonal antibody against IL-6R that was approved for the treatment of patients with rheumatoid arthritis (20) . In Japan, tocilizumab has also been approved for the treatment of polyarticular-course juvenile idiopathic arthritis, systemic-onset juvenile idiopathic arthritis and Castleman's disease (21) . However, this drug was initially investigated in the field of oncology. Mouse monoclonal antibodies against human IL-6 were noted to be effective in a patient with plasma cell leukemia (22) . The mouse monoclonal antibody bound to the human IL-6R, inhibiting IL-6 function, and demonstrated strong antitumor cell activity against multiple myeloma cells (23) . In our study, tocilizumab exhibited a significant growth inhibition in NSCLC cells (H460, A549, H1299 and H358), with proliferation significantly decreased by approximately 40% in A549 cells. The growth inhibition rates of tocilizumab in NSCLC cells were comparable with those of MTX and 5-FU, classically used anticancer drugs. This finding indicates that tocilizumab has a potent antitumor activity against NSCLC. Kudo et al (10) described the antitumor effect of tocilizumab in U87MG glioma cells and the critical role of the IL-6 signaling pathway in glioma cell proliferation. We further examined whether the result of our cell assay was a reflection of cytostatic or cytotoxic effects due to cell cycle arrest. Compared with the untreated control, tocilizumab treatment resulted in an approximate 40-fold increase in sub-G1 phase arrest in H460 cells and an approximately 14-fold increase in A549 cells. H358 and H1299 cells also exhibited approximately 1.3-and 1.5-fold increases, respectively, in the cell population in the sub-G1 phase. The statistical accumulation of the cell population in the sub-G1 phase demonstrates that significant apoptosis occurred in NSCLC cells following tocilizumab treatment.
The mRNA expression of IL-6R was analyzed in NSCLC cells. Tocilizumab significantly reduced the mRNA levels of IL-6R by 20-80%. Although we have no direct data for the downregulation of IL-6R at the protein level, the above results may indicate that tocilizumab has a regulatory function. It is known that ERK1/2, STAT3 and NFκB are involved in the signaling pathway of IL-6R/IL-6 as vital transcriptional factors in tumor proliferation (24) . In our study, tocilizumab did not alter the levels of the ERK1/2, STAT3, NFκB and phosphorylated ERK1/2 and STAT3 proteins, but this antibody did considerably increase the expression of phosphorylated NFκB in NSCLC cells. This result indicates that the phosphorylation of NFκB may be an significant factor in the anti-proliferative activity of tocilizumab. NFκB is a key transcriptional regulator of genes involved in inflammatory responses as well as genes regulating cell proliferation and metastasis in carcinogenesis (25) . NFκB is considered to function either as an inhibitor or an activator of apoptotic cell death. The nuclear accumulation and transcriptional activity of NFκB are increased in T-cell lymphoma cells and are responsible for their increased proliferation (26) . However, evidence has also revealed a pro-apoptotic role for NFκB. Martin (27) emphasized the balance of NFκB activation with regard to pro-apoptotic and anti-apoptotic effects at the level of target gene activation. Although a number of phosphorylation sites on NFκB proteins have been characterized, it remains unclear how phosphorylation regulates the activities of related proteins and controls target gene expression (28) .
Our study revealed the anti-proliferation potency of tocilizumab on NSCLC cells via apoptosis induction and IL-6R signaling alteration. Therefore, we suggest that the IL-6R antibody may be utilized as a new targeting molecule in NSCLC cancer therapies.
